Introduction
number of respects, but particularly in that it appears to have occurred before or early during regional deformation and metamorphism (Kuhns et al., 1994; Powell et al., 1999; Lin, 2001a) . It is both hosted and cut by Archean felsic igneous rocks. Therefore, U-Pb dating holds the promise of precisely constraining the age of gold mineralization and revealing relationships to magmatism, metamorphism, and deformation.
As a result of a three-year project by the Canadian Mining Industry Research Organization (CAMIRO), the area of the deposit has received a detailed, multidisciplinary examination (Sutcliffe et al., 1998) . This included structural field mapping (also published as Lin, 1998) , geochemistry, geophysics, and geochronology. A parallel project by the Ontario Geological Survey was carried out on the regional structure, geochemistry, and geochronology of the Hemlo-Heron Bay greenstone belt (Jackson et al., 1998) .
This paper presents results of the geochronological component of the CAMIRO project, supplemented by new data. It reports geochronological results from 14 samples, representing all major zircon-bearing lithologies in the area of the deposit. In combination with field-based stratigraphic and structural interpretations (Lin, 2001a) , these data tightly constrain the timing and setting of mineralization.
Geologic Background
The Hemlo-Heron Bay greenstone belt trends east-west between two late Archean batholithic complexes, the Black Pic batholith to the north and the Pukaskwa intrusive complex to the south (Fig. 1) . The greenstone belt is dominated by metavolcanic rocks in the west and metasedimentary rocks in the east, and is internally intruded by the Heron Bay and Cedar Lake granitoid plutons. Regional studies of geology, geochemistry, and geochronology are summarized in Jackson et al. (1998) and Beakhouse (2001) . Supracrustal rocks are metamorphosed to grades that vary from upper greenschist facies in the west to amphibolite facies in the east (Jackson et al., 1998) . Metamorphic grade is at amphibolite facies in the area of the gold deposit (Kuhns et al., 1994; Powell et al., 1999) .
The Hemlo deposit area has been mapped in detail by previous workers (e.g., Muir, 1997; Lin, 2001a , and references therein; Lin, 2001b) . As a result of the work by Lin (2001a) Muir (1993) , with U-Pb zircon ages from Corfu and Muir (1989a) and Jackson et al. (1998). rocks consist of lower feldspathic graywacke (Agwl) and reworked volcaniclastic rocks (Av). The latter grade laterally into graywacke with abundant calc-silicate bands (Acw), which probably represent metamorphosed calcareous pelitic horizons. These metasedimentary rocks are overlain by a quartz-feldspar porphyry complex known as the Moose Lake porphyry (AMLp). It shows fragmental textures and is interpreted to be volcanic in origin (e.g., Muir, 1997; Lin, 2001a , and references therein). The Moose Lake porphyry is conformably overlain by an upper graywacke (Agwu) with a more mafic composition. Both these units appear to be unconformably overlain by heterolithic conglomerate and graywacke (Acg). The uppermost unit is a cummingtonite schist (Acs).
There are three major generations (G 1 to G 3 ) of ductile structures in the Hemlo area (Muir and Elliott, 1987; Lin, 2001a , and references therein). The connotation "G" is used instead of "D," as in Lin (2001a) , because the three generations of structures (G) do not necessarily correspond to three discrete episodes of deformation (D) . Structures are grouped into generations based on overprinting relationships and Figure 1 . Simplified from part of a 1:10,000 scale geological map (Lin, 2001b). styles, and more than one generation of structures may develop in a single episode of progressive deformation. G 2 deformation, which overprints locally preserved G 1 structures, is the strongest and is interpreted by Lin (2001a) to have occurred in a regime of sinistral transpression. Macroscopic (camp-scale) F 2 folds dominate the geometry of the Hemlo camp. G 2 deformation is most intense in the 1-km wide Hemlo shear zone (Lin, 2001a) . Widespread G 3 structures are related to regional dextral shearing. A fourth generation of brittle-ductile structures locally overprints the S 2 fabric.
The Hemlo gold deposit is found within the Hemlo shear zone, dominantly in an east-southeast-trending bend of the otherwise east-west-trending shear zone. The bulk of the ore occurs in two zones, the main and lower ore zones, which are located at the contact of the Moose Lake porphyry and an underlying wacke unit with calc-silicate bands (Acw, known as the hanging-wall and footwall sediments at the locations of the main and lower ore zones, respectively). This contact was folded during the main (G 2 ) phase of deformation (Fig. 2) . A fragmental rock and a barite horizon occur at the contact. They appear to be the main protoliths of ore, and may have served as mechanical and chemical traps (Lin, 2001a, and references therein) . Additional, but much less significant, ore is also found within the Moose Lake porphyry and the hangingwall metasedimentary rocks. The main phase of mineralization is interpreted to have occurred early during G 2 or before G 2 (most likely early during G 2 ), and before peak amphibolite-facies metamorphism, which took place late during G 2 or between G 2 and G 3 (Lin, 2001a) . In contrast, Powell et al. (1999) suggested that kyanite formation during peak regional metamorphism predates the main D 2 fabric, but postdates mineralization. However, it is not clear whether the D 2 of Powell et al. is equivalent to Lin's G 2 . Mineralization involved introduction of Au, S, Mo, Zn, As, Sb, Hg, Tl, and W, and pervasive potassic alteration. This was followed by three post-G 2 remobilization events that produced, in chronological order, secondary Au-Sb-Si, Au-Ca, and Au-As-Hg mineralization (Sutcliffe et al., 1998) . The deposit is intruded by a swarm of foliation-parallel feldspar porphyry dikes.
Earlier work on the geochronology of the Hemlo area was done by Corfu and Muir (1989a, b) . A marginal granodiorite phase of the Pukaskwa gneissic complex was dated at 2719 +6 -3 Ma. A felsic volcanic unit near Heron Bay was found to be 2,695 ± 2 Ma in age. Ages of about 2688 Ma were reported for phases of the Cedar Lake pluton, the Heron Bay pluton, and an internal phase of the Pukaskwa complex. The Gowan Lake pluton was found to be the youngest body at 2678 ± 2 Ma. Within the altered zone associated with the gold deposit, an age of 2772 ± 2 Ma was reported on a phase of the Moose Lake porphyry, whereas more poorly defined ages in the range of 2680 to 2695 Ma were interpreted for dikes, one of which intruded ore. Titanite from a number of plutons outside the deposit gave overlapping ages of 2677 ± 1 Ma, whereas titanite from rocks within the deposit gave slightly younger ages of about 2671 ± 1 Ma. Powell et al. (1999) suggested that the earlier age represents peak kyanite-grade metamorphism at 6 to 7 kbars and 600 o to 650 o C, while the later titanite may record a sillimanite overprint at similar temperature but lower pressure (4-5 kbars). These may represent parts of a single progressive metamorphic process. Rutile and monazite in altered units gave much younger ages in the range of 2645 to 2632 Ma. Pan and Fleet (1995) suggested that these minerals date hydrothermal activity associated with gold. However, others suggested that they record late hydrothermal activity associated with remobilization of gold or closure to diffusion of Pb during slow cooling (Corfu and Muir, 1989b; Powell et al., 1999) . Johnston (1996) reported unpublished data from H. Wasteneys, that show that the Moose Lake porphyry contains a complex pattern of zircon ages dominated by inheritance, in the range of ca. 2700 to 2800 Ma. In addition, two highly discordant data from the Kusin's porphyry, which cuts gold mineralization, define an age of 2680 ± 10 Ma.
Analytical Methods
Sample processing and U-Pb geochronology followed standard procedures practiced at the Royal Ontario Museum laboratory (Krogh, 1973; Corfu and Muir, 1989a) . Most rock samples weighed about 10 kg and yielded abundant zircon, except the dikes, which yielded only a small amount of zircon. Exterior surfaces of selected zircon grains were removed by air abrasion (Krogh, 1982) . Because of the age complexity of samples from the Hemlo deposit and the rarity of fresh zircon, only single-grain analyses on abraded zircons were carried out. Weights of grains were estimated by eye, a process that is usually accurate to about ±50 percent. This affects only U and Pb concentrations, not age information, which depends only on isotopic ratio measurements. Some samples, weighing a few micrograms or less, were loaded directly into the mass spectrometer after dissolution and without chemistry. Pb and U were loaded together on Re filaments using silica gel, and analyzed with a VG354 mass spectrometer. Most of the measurements were made using a Daly collector with a constant detector mass discrimination of 0.40 percent/amu. Thermal mass discrimination corrections are 0.10 percent/amu.
Th/U was determined on some whole rocks to compare with zircon. These analyses were carried out at the Geological Survey of Canada.
Results
Results from 14 samples are reported here. Sample locations are shown on Figure 2 or indicated below. Images of selected zircon populations are given in Figure 4 . Results of isotopic measurements are given in Table 1 (errors are at 2σ) and are plotted on Figures 5 to 7. Abraded zircons to be analyzed were selected to be free of cracks and alteration. Low blank analyses of unaltered concordant zircon by isotopic dilution, as well as high-temperature Pb evaporation and ion microprobe measurements, show that zircon generally crystallizes with negligible quantities of initial lead. Therefore, all measured common lead is assumed to have the isotopic composition of the laboratory blank (see footnotes to Table 1 ). Excess common Pb can be introduced into zircon by alteration, but this is usually associated with significant discordance (Krogh and Davis, 1974, 1975) . With one exception (sample DD95-41; see below), variations in common Pb from near-concordant data are likely due to minor fluctuations in handling blank, which is difficult to maintain constant at the picogram level.
The weighted mean of near-concordant data with overlapping 207 Pb/ 206 Pb ages was determined by calculating a regression line through the data, forced through the origin of concordia, using the method of Davis (1982) . Probabilities of fit are expected to be about 50 percent on average if analytical errors have been correctly assigned and there is no scatter from multi-aged components. This procedure gives the same ages, errors, and probabilities of fit as direct weighted mean calculations given by the Isoplot program (Ludwig, 1998) . Age errors in the text and figures are quoted at the 95 percent confidence level. Error ellipses in the figures are given at the 2σ level. Samples are grouped below and in Table 1 , according to whether they are most closely related to metavolcanic, metasedimentary, or intrusive (dike) rocks. Detailed descriptions of the units sampled are given in Lin (2001a) .
Correct interpretation of rock emplacement ages from zircon ages can be difficult in cases where there is extensive inheritance from older zircon and/or subsolidus growth of metamorphic or hydrothermal zircon. Both problems are present in many of the rocks from the Hemlo area. Use is made of calculated Th/U ratios in zircon (from 206 Pb/
208
Pb measurements) in distinguishing metamorphic/hydrothermal zircon (low Th/U; Rubatto, 2002) from magmatic zircon (Th/U > 0.1). Measurements of Th/U in magmatic zircon and host rocks from granitoid bodies in the Hemlo belt indicate that zircon fractionates Th/U by about 0.1, relative to its host magma (Jackson et al., 1998) . This can be used to help distinguish xenocrystic from magmatic zircon. In cases of magmatic inheritance, the youngest near-concordant data should give an older estimate on emplacement of the rock. Because of these complexities, previously published data have in some cases been reexamined and reinterpreted (see below). (Fig. 5A ): This sample, from the ore exposure at Highway 17 (field trip stop 20A of Muir et al., 1991) , contains a large amount of barite. Because barite is nonmagnetic and of the same density as zircon, it is concentrated with the best zircon fractions, making it difficult to recover the zircon by hand picking. Since barite is a relatively soft mineral, most of it was removed by abrading small factions of the concentrate for 1 to 2 h. By doing this over a period of several days, a pure zircon fraction was prepared from half of the dense, nonmagnetic fraction. Unfortunately, the abrasion process slightly rounded all of the zircon grains and made it impossible to tell which grains had a primary euhedral shape. Eight zircon grains selected as having slightly different colors and inclusion types gave a wide range of 207 Pb/ 206 Pb ages, from 2694 ± 2 to 2813 ± 2 Ma. The youngest grain gives an older age limit on deposition of the fragmental porphyry and on gold mineralization.
Metavolcanic and quartz porphyry-related samples

DD95-38 Mineralized fragmental Moose Lake porphyry, map unit AMLp
DD96-25 Fragmental Moose Lake quartz porphyry at South zone, map unit AMLp (Fig. 5B):
The population is dominated by highly cracked, euhedral, short prismatic, and stubby grains with well developed secondary crystal faces, similar to morphological types S12 to P3 defined by Pupin (1980) . A few grains have visible cores, but cores are not obvious in most of the population. Grains that showed no visible evidence of cores were picked for abrasion (Fig. 4A) . Seven of these gave a scattered data set indicating the presence of inheritance. The results suggest an age of around 2800 Ma for the inherited components, but the emplacement age of the porphyry is unclear. 
DD95-41 Barren Sulfide zone porphyry, map unit AMLp (Fig 5C):
This unit was mapped as reworked felsic detritus by Muir (1997) , but is interpreted as part of the Moose Lake porphyry by Lin (2001a) . Zircons within this sample are quite diverse in appearance. Colors vary from brownish to colorless, and morphologies, from euhedral to well rounded. One batch of analyses from this rock has an unusually high Pb blank. This contaminant was traced to a particular acid bottle and the isotopic composition of the blank was precisely measured ( Pb ages, with an average of 2688 ± 2 Ma. These show different Th/U ratios, so the zircons may have been from different sources, but they provide an estimated older age limit on emplacement of the porphyry. (Fig. 5D ): Zircons from this sample are stubby and multifacetted. Most appear to be slightly subrounded. Well rounded grains are rare. Many zircons are slightly brownish and have abundant rod and bubblelike inclusions. Analyses of three grains with characteristics typical of the main population gave overlapping data, with an average age of 2723 ± 1 Ma. However, the youngest concordant datum gives an age of 2699 ± 2 Ma, which is an older age limit on emplacement of the porphyry. (Fig. 6A ): This sample was from an extensive group of metasedimentary outcrops along the highway east of the mine area. The rocks are mostly rather fine grained with graded beds. Zircons in this sample show a rather uniform, euhedral morphology (Fig. 4B) . Five single grains were analyzed, and these give concordant or near-concordant data. They define two clusters, one with an average age of 2690.5 ± 0.8 Ma, the other with an age of 2697.7 ± 1.1 Ma. The calculated Th/U ratios of the 2691 Ma zircons are relatively high (0.8-1.2; Table  1 ), compared to those of the two older, 2698 Ma zircons (0.4).
DD95-44 Quartz porphyry from south of the Hemlo fault, map unit Afs
Metasedimentary samples DD95-43 Lower graywacke east of the deposit, map unit Agwl
DD95-39 Upper graywacke, map unit Agwu (Fig. 6B):
The zircons make up a uniform-looking population of colorless euhedral and subrounded grains, with relatively few well rounded grains. Analyses of two euhedral and two subrounded single grains are concordant, or nearly so, and have ages that are well within error. The average 207 Pb/ 206 Pb age is 2690.5 ± 0.9 Ma. This is an older age limit on deposition of the sediment, which appears to have been derived from a rather uniform source. Analysis of a single, well rounded zircon gave a slightly discordant datum with an older age of 2713 ± 2 Ma. The younger zircons from this sample agree in age with the younger zircons from the lower graywacke (DD95-43), and have similarly high Th/U ratios (0.9-1.6). (Fig. 6C) : The sample yielded small, stubby to elongate, euhedral to subrounded zircons, many of which are fresh (Fig 4C) . Some grains are rounded and frosted, suggesting that they may be detrital contaminants. Yellow to brown rutile is present in the magnetic separates. Analyses of six euhedral zircons yielded four discordant and two concordant data. The discordance is probably caused by Pb ages with an average of 2693.3 ± 1.9 Ma. This is an older age limit on deposition of the sedimentary unit. The euhedral population was likely derived from an almost uniform source that records late volcanism.
DD96-26 Reworked felsic volcaniclastic rock at the North zone pit, map unit Av
DD95-37 Hanging-wall metasediment (calc-silicate-rich metawacke) at A zone pit, map unit Acw (Fig. 6D) : This sample contained a moderate amount of barite, from which zircons were separated by hand picking. The zircons are generally fresh but small. Stubby euhedral to subrounded grains make up most of the population. Only euhedral zircons were analyzed, and these gave concordant data. Averaging the 207 Pb/ 206 Pb ages of all data gives an age of 2693.2 ± 0.7 Ma with only a 10 percent probability of fit. The data can be divided into two discrete clusters. Averaging the 207 Pb/ 206 Pb ages of the ten older data defines an age of 2693.5 ± 0.8 Ma with an 82 percent probability of fit. The two younger data define an age of 2685.4 ± 4.1 Ma with a 92 percent probability of fit. Unfortunately, these two grains had low uranium concentrations so their data points are relatively imprecise. However, the mass spectrometer data are of excellent quality, and their age difference from the older data cluster appears to be resolved. The two younger concordant data provide an older age limit for sediment deposition, of 2685 ± 4 Ma.
DD95-42 Heterolithic conglomerate, map unit Acg (Fig. 6E):
Detrital zircon ages from the conglomerate are clustered around ca. 2690 Ma, with one much older grain at 2810 Ma. This is approximately the same range of ages as that of zircons dated from the underlying porphyry and metasedimentary rocks, and supports field interpretations that the conglomerate was at least partly derived from the rocks that presently underlie it. In all previous studies, ca. 2800 Ma age zircons have only been found in the Moose Lake porphyry. This is consistent with the interpretation that quartz porphyry clasts observed in the conglomerate were derived from the Moose Lake porphyry (Lin, 2001a ). An older age limit on deposition of the conglomerate is given by the youngest zircons, at 2689 ± 2 Ma. (Fig. 7A ): This sample was taken from the dike shown in figure 11 of Lin (2001a) . It is observed to cut the ore and is not mineralized, as is generally true for feldspar porphyry dikes in the area (Lin, 2001a, fig. 27A-C) . The sample yielded only a small amount of zircon, generally as highly cracked brown euhedral grains and fragments (Fig 4D) . In contrast to samples from the metavolcanic and metasedimentary rocks, the zircon population shows a high proportion of long-prismatic grains with well developed, low-order prism faces similar to morphological type G1 defined by Pupin (1980) . Five zircons were analyzed, but these produced only two data near concordia, which do not agree in age. The youngest concordant datum gives an age of 2677 ± 2 Ma. This is an older age limit on emplacement of the dike. It is consistent with two discordant data, giving a well defined regression with an upper concordia intercept age of 2677.5 ± 1.3 Ma and a lower intercept within error of zero. This is the best estimate for the age of emplacement of the dike. The two other data are slightly older and probably contain inheritance. One of these, an unusual flat zircon, shows a very low Th/U ratio but must be a xenocryst, based on its older, 2684 ± 2 Ma age. Fig. 7B) : Two samples were processed from this feldspar porphyry intrusion, shown in figure 23 ("+" fill) of Lin (2001a) . Only a small amount of zircon was recovered from both samples as tiny fragments and euhedral, long-prismatic grains. The zircons are generally quite cracked, and there was very little material that could be reliably dated. This unit clearly contains inherited zircons, as shown by a 2779 Ma age. Three concordant to near-concordant data from DD96-23 overlap and define an age of 2692.6 ± 1.9 Ma. Two other concordant data from this sample define a distinctly younger age of 2673 ± 3 Ma. Two concordant data from DD97-25 and a slightly discordant datum have overlapping 207 Pb/ 206 Pb ages with an average of 2679 ± 1 Ma. The Th/U ratio of all the younger zircons is extremely low (0.02; Table 1 ). This suggests that the younger zircon may be metamorphic or hydrothermal in origin, especially since a whole-rock sample of DD96-23 gave a normal Th/U ratio of 2.3.
Dike and pluton samples LIN97-1 Feldspar porphyry dike cutting ore
DD96-23 and DD97-25 Kusin's porphyry (
LIN97-2 Mineralized aplite dike (Fig. 7C ): This sample, taken from the mineralized dike shown in figure 26A of Lin (2001a) , yielded a small amount of pale-brown, euhedral, long-prismatic zircon (Fig. 4E) , similar in appearance to that from the other dikes. Three single zircons that are typical of the population gave near-concordant data with overlapping 207 Pb/ 206 Pb ages. These define an age of 2677 ± 2 Ma (77% probability of fit). All of the zircon analyses show very low Th/U ratios. However, the Th/U ratio of the whole rock is also low (0.2).
DD98-2 Granodiorite, Cedar Lake pluton, map unit Agd ( Fig. 7D ; sample location shown in Fig. 1 ): Zircon is abundant in this sample, but the grains are mostly quite cracked. The morphology is typically short prismatic, with well developed secondary faces. Uncracked, whole euhedral grains were picked for abrasion (Fig 4F) . Six of these were analyzed, as well as three fragments that had been broken off the tips of grains and abraded. Two analyses give overlapping concordant data with an average age of 2688 ± 1 Ma, the previously assigned age for this pluton. However, five other data are younger, whereas one analysis produced an older age. The four youngest data, including those from the three tips, give overlapping 207 Pb/ 206 Pb ages with an average of 2680.2 ± 1.1 Ma. These analyses show Th/U ratios in the range of 0.35 to 0.45, which is consistently lower than that of the older analyses, but still within the normal range for igneous zircon. The most conservative interpretation is that the 2680 Ma zircon population gives an older age limit on igneous crystallization of the pluton.
Discussion
Age constraints on stratigraphy
Rocks of the Moose Lake porphyry (map unit AMLp) show abundant zircon inheritance with a variety of ages extending back to 2816 Ma (Fig. 5A-C) . Ages around 2800 Ma were found in all three dated samples of the porphyry and must reflect an older source with which these magmas interacted. The previously published age of 2772 ± 2 Ma, by Corfu and Muir (1989a) , is probably an artifact of mixing inheritance ages in multigrain fractions, which it was necessary to analyze at the time because of higher blank levels. The youngest datum from the mineralized fragmental unit (DD95-38) gives an age of 2694 ± 2 Ma. The porphyry from the Barren Sulfide zone (DD95-41) has younger, although slightly more discordant, zircons at 2688 ± 2 Ma. Thus, an older age limit for emplacement, based on data from the porphyry itself, is 2691 ± 5 Ma.
The quartz porphyry from south of the Hemlo fault (DD95-44, map unit Afs) was emplaced after 2699 ± 1 Ma and also shows abundant inheritance, principally from a source 2723 ± 1 Ma in age, as defined by 3 data (Fig. 5D) . Two zircon grains from the mineralized fragmental unit (DD95-38) show a similar inheritance age of 2722 ± 1 Ma (Fig. 5A) . Although the significance of inherited ages is uncertain because of the possibility of partial resetting and coreovergrowth mixing, this is approximately the age of gneiss from the underlying Pukaskwa intrusive complex south of the Hemlo area (Corfu and Muir, 1989a ; Fig. 1 ). In terms of its age constraint and complex inheritance pattern, this porphyry resembles phases of the Moose Lake porphyry, although evidence for the ca. 2800 Ma inherited age component is, thus far, lacking.
The metasedimentary rocks contain abundant detrital zircons that appear to be from rather uniform sources. The sample from the lower graywacke (DD95-43, map unit Agwl) contains a zircon population with an age of 2690.5 ± 0.8 Ma (Fig. 6A) . A similar zircon population with an age of 2690.5 ± 0.9 Ma (Fig. 6B) is present in the upper graywacke (DD95-39, map unit Agwu), which overlies the Moose Lake porphyry. These similarly aged zircons, along with their distinctive high Th/U ratios, suggest that the sedimentary provenance of the zircons remained unchanged before and after deposition of the Moose Lake porphyry, although the upper graywacke is more mafic and contains abundant magnetite bands near its base.
The reworked volcaniclastic rocks at North zone (DD96-26, map unit Av) also seem to preserve a relatively uniformly aged, euhedral zircon population, but the age of 2693.3 ± 1.9 Ma (Fig 6C) is different from that in the upper and lower graywackes. Ten euhedral zircons in the hanging-wall metasedimentary rock (DD95-37, map unit Acw) define a similar age as that found in the reworked volcaniclastic rocks (2693.5 ± 0.8 Ma; Fig 6D) . The abundance of 2693 Ma zircons with similar morphology and Th/U ratios in both samples supports the field interpretation of Lin (2001a) that the reworked volcaniclastic rocks (unit Av) and the hanging-wall calc-silicaterich metasediment (unit Acw) are stratigraphic equivalents. Two zircons from the hanging-wall metasediment yield younger concordant data with an age of 2685 ± 4 Ma. This should be an older age estimate on deposition of the metasedimentary rock and overlying units, as well as on gold mineralization. Muir (1997) suggested that the reworked volcaniclastic material could have been derived from the Moose Lake porphyry. Although three zircons from the Barren Sulfide zone porphyry and one from the mineralized porphyry gave ages within error of zircons in the volcaniclastics, these rocks have yielded no evidence for older zircon xenocrysts (2720-2810 Ma), although they are abundant in the porphyry. There is also no apparent overlap with ages of zircon detritus in the upper and lower graywackes, despite the fact that these units are interpreted to stratigraphically bracket the volcaniclastics. It seems that the volcaniclastic and calc-silicate band units were derived from a 2693 Ma volcanic formation that temporarily dominated the provenance of the basin until it eroded away and background provenance from a slightly younger, 2691 Ma source became reestablished. The 2685 ± 4 Ma average age on the two youngest detrital zircons from the hanging-wall metasediment (Fig. 6D) , although relatively imprecise, suggests that all dated zircons in the overlying Moose Lake porphyry are xenocrystic, except perhaps for the youngest (2688 ± 2 Ma) zircons in the sample from the Barren Sulfide zone.
The general uniformity of provenance ages for the individual metasedimentary units suggests that they had a local source, and the fact that these ages predate sediment deposition by only a few million years suggests that the setting was a volcanically active sedimentary basin. The volcanic rocks apparently erupted through ca. 2,720 million-year-old rocks, which are typical of early phases in the Hemlo belt (Corfu and Muir, 1989a; Jackson et al., 1998) and the Manitouwadge belt to the north (Zaleski et al., 1999) . The final episode of volcanism was eruption of the Moose Lake porphyry, zircons of which appear to be mostly xenocrystic. The Moose Lake porphyry sampled older, ca. 2800 Ma rocks, which do not appear to have been exposed to erosion. These rocks were folded and unconformably overlain by a locally derived conglomerate and carbonate unit. The youngest zircons in the conglomerate are similar in age to those from underlying metasedimentary rocks (ca. 2690 Ma) and do not help to further constrain the age of deposition.
Age constraints on deformation, metamorphism, and gold mineralization
In order to directly constrain the timing of gold mineralization, zircons were analyzed from three dike samples. One concordant and two discordant data from a feldspar porphyry dike that cuts gold ore (LIN97-1) define an age of 2677.5 ± 1.3 Ma (Fig. 7A) . The Th/U ratios of these zircons overlap with the range typically found in magmatic rocks, so they are probably not metamorphic or hydrothermal in origin. Therefore, this result is interpreted as a minimum age estimate on gold. It is similar to the age of regional, late-tectonic plutonism represented by the Gowan Lake pluton dated at 2678 ± 2 Ma by Corfu and Muir (1989a) , and suggests the possibility that a similarly aged pluton underlies that area of the gold deposit.
The Kusin's feldspar porphyry (DD96-23 and DD97-25) also cuts ore. Relatively young, low-Th/U (<0.05) populations of zircons from two samples give ages of 2673 ± 3 and 2679 ± 1 Ma (Fig. 7B) . The youngest datum agrees with the 2671 ± 2 Ma age measured on metamorphic titanite from dikes and schists within the deposit (Corfu and Muir, 1989b) , whereas the 2679 ± 1 Ma age is in agreement with titanite from regional metamorphism outside the deposit (Corfu and Muir, 1989a; Jackson et al., 1998) . Considering that the whole-rock samples show normal Th/U ratios (>2), it is likely that the young generations of zircon did not crystallize from a magma, but are metamorphic or hydrothermal in origin. Three other concordant data from one of the samples define an age of 2693 ± 2 Ma. These are similar in age to zircons in the adjacent hanging-wall sediments (DD95-37), and are likely to be xenocrysts. The ca. 2693 Ma zircons from the Kusin's porphyry have substantially higher Th/U (0.6-1.0) than the 2677 Ma zircons in the feldspar porphyry dike (LIN97-1; Th/U of 0.2-0.4), even though the whole-rock Th/U of the Kusin's porphyry sample is lower than that of the feldspar porphyry dike sample (2.3 vs. 3.0, respectively). Since these rocks are of similar mineral and chemical composition, there is no reason to expect their zircons to have different trace-element partition coefficients with the magma, so the ca. 2693 Ma zircons from the Kusin's porphyry are probably inherited.
The aplite dike (LIN97-2) is mineralized (5 g/t of gold), although there is some controversy as to whether the mineralization is primary (Robert and Poulsen, 1997; Lin, 2001a) . The dike is folded by F 2 and contains a strong S 2 foliation (see Lin, 2001a, fig. 26 ). It either predated or was synchronous with G 2 deformation and is interpreted by Lin (2001a) to have either predated or been synchronous with primary mineralization. The zircons define an age of 2677.2 ± 1.5 Ma, similar to the ore-cutting feldspar porphyry dike (Fig. 7C) . These zircons show very low Th/U, which may be an indication that they are metamorphic in origin. However, chemical analysis of LIN97-2 also shows a low whole-rock Th/U of 0.2, substantially below that of most nonaplitic or pegmatitic igneous rocks. This is permissive evidence that the zircons are magmatic and that gold mineralization took place at 2677 ± 1 Ma. Unfortunately, this cannot be tested independently.
Problems with interpreting the paragenesis of zircon become obvious when single grains are precisely dated. Multigrain zircon fractions such as those analyzed in early work by Corfu and Muir (1989a) would be susceptible to partial contamination from xenocrystic and metamorphic grains, although results may tend to average out, giving overlapping ages for different fractions. The present sample of the Cedar Lake pluton shows zircon ages at 2688 Ma, the previously accepted age of the pluton, 2713 Ma, and 2680 ± 1 Ma (Fig.  7D) . The younger zircon results are consistent with overlapping 207 Pb/ 206 Pb ages from the youngest near-concordant data measured by Corfu and Muir (1989a) on an internal phase of the Cedar Lake pluton (sample CL1, analyses 19-21 of Corfu and Muir, 1989a) . These average to 2680.4 ± 1.0 Ma with a marginally acceptable probability of fit (18%), and are plotted on Figure 7D . Combining the seven youngest near-concordant data from both samples gives an average 207 Pb/ 206 Pb age of 2680.3 ± 0.8 Ma with a 63 percent probability of fit. A similar argument can be made that emplacement of the other major intrusion in the area, the Heron Bay pluton, was no earlier than 2682 ± 2 Ma (samples HBm and Hbi, analyses 38 and 39 of Corfu and Muir, 1989a) . All of these analyses show Th/U ratios that fall within the range of magmatic zircon. Many of the 2685 to 2688 Ma age interpretations in Corfu and Muir (1989a) were strongly based on the assumption that abraded zircons were affected by a Keweenawan Pb-loss event related to emplacement of the nearby Coldwell Complex at about 1100 Ma. Although some discordant data from unabraded fractions do define ca. 1100 Ma lower concordia intercepts, near-concordant (<2% discordant) data from abraded fractions in studies where there is independent age control (e.g., Davis and Green, 1997) Pb ages from such zircons are normally expected to give a reliable estimate of their crystallization ages. Given the complexity in zircon systematics that we now know to be present in the Hemlo area, there is a high probability that multigrain analyses from many rocks would be affected by inheritance. This is especially clear in the case of the Moose Lake porphyry as discussed above. Subtle inheritance might be less evident, but would tend to bias ages toward older values, a problem exacerbated by forcing discordant data through Pb loss lines with old lower intercepts. Thus, data from the Corfu and Muir (1989a) study are consistent with the present interpretation that the Cedar Lake pluton formed from melting of slightly older felsic crust and that its emplacement occurred no earlier than 2680 ± 1 Ma.
The Cedar Lake pluton intruded before or early during G 2 , and the feldspar porphyry dikes late during G 2 (Lin, 2001a) . Therefore, at least a significant part of G 2 deformation took place between 2680 ± 1 and 2677.5 ± 1.3 Ma (age of the feldspar porphyry dike). Regional metamorphism postdates gold mineralization and occurred either late during G 2 deformation or after it (Lin, 2001a) . A younger age limit on peak regional metamorphism is probably given by the 2676 Ma age of titanite outside the deposit (Corfu and Muir, 1989b; D.W. Davis, unpub. data) . These data constrain G 2 deformation and peak regional metamorphism as part of a rather shortlived event that culminated with emplacement of late tectonic intrusions, such as the 2678 ± 2 Ma Gowan Lake pluton (Corfu and Muir 1989a; Beakhouse, 2001) . Lin (2001a) concludes that primary gold mineralization occurred before or early during G 2 deformation. If it occurred before G 2 , it could have been as early as 2685 ± 4 Ma, the age of the youngest zircons in the supracrustal rocks. If it occurred early during G 2 , as is most likely the case based on field evidence (Lin, 2001a) , it likely occurred between emplacement of the Cedar Lake pluton at 2680 ± 1 Ma and the age of the ore-cutting dikes at 2677 ± 1 Ma.
Implications of geochronology for the origin and setting of the Hemlo gold deposit
The present data outline a ca. 15-m.y. period of progressive geologic development that included formation and erosion of a volcanic complex, plutonism, mineralization, major crustal deformation, and metamorphism (Fig. 8) . The postvolcanic part of this process is constrained to a shorter time span of ca. 2682 to 2676 Ma, during which large volumes of granitoid magma were injected into a deforming crust. The close time association supports previous suggestions, based on alteration mineral assemblage and metal abundance of the deposit, that granitoid magmas were the source of the mineralizing fluids (e.g., Burk, 1987; Kuhns, 1988) . The large felsic plutons were probably also a major heat source for regional metamorphism. The evolution of these granitoid magmas from an early calc-alkaline (Cedar Lake-type) suite dominated by crustal contamination to a later mantle-derived sanukitoid (Gowan Lake-type) suite suggests that an increasingly deeper melt source became dominant with time (Beakhouse, 2001 ).
The sanukitoid suite defined by Shirey and Hanson (1984) contains rocks that show high levels of both compatible and incompatible elements, apparently because their mantle source was metasomatically enriched prior to melting.
The conglomerate and cummingtonite schist unconformably overly folded rocks and are themselves intensely deformed by G 2 folds and fabrics (Lin, 2001a) . This, along with the rapidity of development of the volcanosedimentary sequence, uniform provenance, and localization along a major regional shear zone suggests that deposition was in a tectonically as well as volcanically active basin where sediments were progressively deposited, buried, and folded by ongoing deformation. Rock packages showing similar relationships have been found elsewhere in the Superior province and are known as Timiskaming-type sequences (Mueller and Donaldson, 1992) . Such rocks may have been deposited in late orogenic, fault-controlled basins that formed in local extensional (pullapart) environments or as a result of thrusting. They characteristically contain fluviatile and deep-water sediments associated with calc-alkaline and alkalic volcanism, which quickly eroded into the basin and were deformed in a transpressional tectonic regime. Timiskaming-associated rocks are hosts to some of the largest Archean gold deposits, particularly those localized along major faults in the southern Abitibi greenstone belt Mueller et al., 1996) . Deposition in these areas was ongoing at 2680 to 2677 Ma Mueller et al., 1996) , an age range similar to the period of mineralization, deformation, and metamorphism at Hemlo. Hemlo seems to show a more precocious development than Timiskaming systems in the southern Abitibi belt. Perhaps this is because it represents a deeper crustal exposure of such systems. Leclair et al. (1993) suggested that auriferous shear zones such as the Porcupine-Destor fault may be traceable over large distances through different metamorphic terranes in the Superior province. Lin (1998) noted some similarities in geological settings between the Hemlo deposit and the Dome mine in Timmins. Mineralized porphyries in the Timmins area along the Porcupine-Destor fault have similar ca. 2690 Ma ages to zircons commonly found in sediments at Hemlo (Corfu et al., 1989) . The Shebandowan greenstone belt to the west of Hemlo also contains evidence for Timiskaming-type sedimentation in the age range of 2690 to 2680 Ma (Corfu and Stott, 1998 
Conclusions
Gold mineralization at Hemlo was preceded by development of a volcanosedimentary complex built upon an older greenstone basement. Detrital and xenocrystic zircon ages tend to cluster around 2810, 2722, 2698, 2693, and 2691 Ma and may record significant magmatic events in the Hemlo area. The Moose Lake porphyry is highly contaminated from ca. 2800 Ma and younger sources, whereas the associated metasedimentary rocks appear to contain a significant component of ca. 2690 Ma detrital zircon. The youngest age from supracrustal rocks is 2685 ± 4 Ma from two detrital zircons.
Granitoid plutonism, gold mineralization, major deformation, and metamorphism are bracketed within the age range of 2681 to 2676 Ma, based on ages from the Cedar Lake pluton, metamorphic zircon, and a dike that cuts ore. Thus, granitoid magmas may have been the source of mineralizing fluids as well as a principal heat source for metamorphism. Major ductile deformation in the crust and granitoid magmatism were effectively coeval. Gold at Hemlo was probably emplaced into a Timiskaming-type sedimentary basin during its latest, most intense stage of tectonic development.
